Keywords: DNA methylation, learning and memory, behavioral adaptation, metaplasticity Trends in Neurosciences DNA methylation and genomic metaplasticity 2 Abstract DNA methylation was once considered to be a static epigenetic modification whose primary function was restricted to directing the development of cellular phenotype. However, it is now evident that the methylome is dynamically regulated across the lifespan: during development as a putative mechanism by which early experience leaves a lasting signature on the genome and during adulthood as a function of behavioral adaptation. We propose that experience-dependent variations in DNA methylation, particularly within the context of learning and memory, represent a form of genomic metaplasticity that serves to prime the transcriptional response to later learning-related stimuli and neuronal reactivation.
Introduction
A range of epigenetic modifications, including the covalent modification of DNA by cytosine methylation, confers the transcriptional activity of a given gene. DNA methylation was once considered to be a relatively static epigenetic modification, with its primary function restricted to the regulation of transcriptional programming during early cellular development.
However, a surge of recent studies point to a continued role for DNA methylation across the lifespan, particularly with respect to alterations in neuronal gene expression that directly impact behavior [1] [2] [3] [4] [5] [6] [7] [8] and transcriptional activity is far more complex than previously realized. In the adult brain, neuronal activity-induced changes in DNA methylation frequently occur outside gene promoters [2] , and 5-hydroxymethylcytosine, a newly discovered base derived from 5-methylcytosine that represents a functional intermediary in the active demethylation process [11] , accounts for almost half of DNA methylation detected in the brain [12] . Furthermore, DNA methylation can interact with other epigenetic marks to jointly regulate transcription [13, 14] . However, the relevance of this expanded repertoire of epigenomic modifications, particularly within the context of behavioral adaptation across the lifespan, remains to be determined.
One of the most remarkable features of the adult brain is its plasticity in response to experience. To have a lasting impact on behavior, learning-induced neuronal activity must be accompanied by a functional reprogramming of gene expression with corresponding modifications of protein synthesis and synaptic connectivity [15] . However, sustained changes in gene expression could severely constrain plasticity and jeopardize the ability of a neuron to respond to later stimuli. Instead, similar to the dormancy of memory until recall, learning-related reprogramming of gene expression may be encoded in the genome and reflected in changes in gene expression only when required, such as during neuronal reactivation. This form of latent responsivity, termed metaplasticity, or the plasticity of synaptic plasticity, is a fundamental mechanism of behavioral adaptation [16] [17] [18] . Experience-dependent metaplasticity allows prior learning to register a signature that directs later plasticity without disrupting cell homeostasis.
For example, reward-seeking behavior is governed by the induction of 'silent' synapses, which do not influence the basal efficacy of synaptic transmission but are prominent mediators of plasticity in response to later stimulation, the result of which is enhanced behavioral sensitivity to subsequent exposure to cues related to prior learning [18] .
Although the existence of metaplasticity has been recognized for some time, the molecular mechanisms underpinning this adaptation are largely unknown. We propose that activity-induced variations in DNA methylation, particularly within the context of learning and memory, represent a form of genomic metaplasticity that serves to prime the transcriptional response to later stimuli. In collaboration with other epigenetic marks, experience-dependent changes in DNA methylation would direct later transcription and plasticity in a number of ways, including the regulation of alternative splicing [19] and transposable elements [20] , the development of bivalent chromatin marks that render genes poised for transcriptional activity [21] or by directing nucleosome repositioning to bookmark recently activated genes [22] . DNA methylation is intimately related to the functional capacity of the genome and may therefore contribute substantially to behavioral adaptation across the lifespan through its direct effects on neural plasticity and cognition.
Mechanisms of dynamic DNA methylation.
The activity of three DNA methyltransferases, DNMT1, DNMT3a and DNMT3b, regulate cytosine methylation in mammals. DNMT1 is considered to be a maintenance methyltransferase, whereas DNMT3a and DNMT3b mediate de novo methylation. Although each of these enzymes plays a crucial role in establishing genomic methylation patterns during early neurodevelopment, only DNMT1 and DNMT3a are expressed in mature neurons, where they appear to play a complementary role in regulating synaptic plasticity (Figure 2c ). Moreover, it is likely that these mechanisms act in conjunction with eachother to dynamically regulate DNA demethylation and the transcriptional activity at a specific genomic locus.
DNA methylation and cellular differentiation.
A tightly timed interplay between DNA methylation, hydroxymethylation and active The relationship between DNA methylation and gene expression in development is also far more complex than previously appreciated. For example, although promoter methylation appears to be a key regulator of cell-type-specific programming [29, 40] , recent evidence suggests that non-promoter DNA methylation also coordinates the expression of neurogenic genes [41] . Moreover, the association between promoter methylation and gene expression appears to be contingent on CpG density [42] and there are instances where altered DNA methylation fails to coincide with gene expression [43] . This has prompted the suggestion that DNA methylation may not directly regulate transcription but rather serve as a signal for the longterm maintenance of gene silencing [44] . Taken together, these observations indicate the existence of context-specific variations in DNA methylation and associated epigenetic marks, the functional relevance of which has yet to be fully revealed.
DNA methylation and early development.
Stimuli in the prenatal and postnatal environments have significant effects on gene expression, which persist long after the initial stimulus has dissipated. Dynamic regulation of the methylome provides an underlying epigenetic signature of early-life experience that could support these sustained changes in gene expression. In rats and mice, prenatal stress [45] , maternal cocaine exposure [46] and parental enrichment [47] give rise to changes in promoter methylation within a subset of genes in offspring, which correlate with lasting changes in 
DNA methylation and behavioral adaptation in adulthood.
It has been proposed that long-term memory is contingent on transcriptional regulation that is both stable and self-perpetuating, two characteristics traditionally ascribed to DNA methylation. Less than a decade ago, evidence emerged contradicting the prevailing model for an exclusive role of DNA methylation in development: the expression of de novo DNMTs remained unexpectedly high in post-mitotic neurons [34] , early maternal care generated persistent gene-specific changes in DNA methylation that were associated with stressvulnerability in adulthood [51] and neuronal activity-induced demethylation was observed both in vitro and in the adult brain [54] . Together, these findings indicated that the molecular machinery driving variations in DNA methylation is present in the postnatal brain and responsive to experience, and may therefore be enlisted to perpetuate the learning-induced changes in gene expression that underlie long-term memory. As summarized in Table 1 As a caveat, the role of DNA methylation in maintaining memory may be structure-and locus-specific, as within the hippocampus both relatively persistent [57] and transient [8] learning-induced changes in DNA methylation occur, suggesting that perhaps this modification performs dissociable roles in the formation and maintenance of memory. In addition, DNA methylation is one part of the chromatin environment and likely acts with other epigenetic modifications to regulate transcription [13] . Furthermore, concomittant changes in activating or repressing pathways can obscure the relationship between DNA methylation and gene expression. Irregardless, a primary consideration within the context of memory maintenance is how a single neuron, regardless of anatomical region, would cope with enduring changes in the methylome that manifest in lasting cell-wide transcriptional consequences. We propose that DNA methylation constitutes a mark of prior neuronal and transcriptional activity that contributes to memory maintenance by altering genomic responsivity to later stimuli.
Dynamic DNA methylation as a mechanism for genomic metaplasticity.
Most theories of memory storage suggest that the same network of neurons can encode multiple memories, retaining their independence by enlisting distinct synapses. Consequently, cell-wide changes, such as the persistent changes in gene transcription arising from learninginduced changes in DNA methylation [7] , would be likely to perturb the maintenance of all memory traces encoded by a given neuron, including those encoded during prior learning. One possibility is that, rather than contributing to the maintenance of a unique memory, persistent changes in DNA methylation alter a neuron's ability to respond to later stimuli, presumably through lasting transcriptional changes [7, 54, 60] . According to this hypothesis, enduring epigenetic marks would render a neuron aplastic and stabilize synaptic weights through enduring changes in the transcriptome, conferring responsivity to selective inputs by modulating the degree of plasticity at all other synapses [55] . However, this would both severely restrict the storage capacity of the brain and entail a substantial disruption of cell homeostasis. Instead, we propose that experience-dependent variations in DNA methylation represent a form of metaplasticity that primes the genome for response to later events by regulating transcriptional efficacy in response to incoming inputs rather than by mediating enduring changes in gene expression (Figure 3) .
Priming of the transcriptional response by active DNA demethylation has been clearly demonstrated in mammalian systems [61, 62] . For example, in rat hepatic cells, glucocorticoid stimulation can initiate the expression and demethylation of an enhancer region proximal to the liver-specific tyrosine aminotransferase (Tat) gene. Although this modification is stable for up to 3 months, the expression of Tat returns to basal levels upon withdrawal of glucocorticoid stimulation. Nevertheless, the capacity for transcriptional activity is primed by DNA demethylation and, upon subsequent glucocorticoid stimulation, the expression of Tat is 3-5 fold greater than in previously unstimulated cells [61] . Therefore, there is direct evidence of genomic metaplasticity by active DNA demethylation. Demethylation-dependent transcriptional priming is also evident in the nervous system. In rats, maternal deprivation induces demethylation of corticotropin-releasing hormone (Crh) promoter. However, this change in methylation is not reflected in altered levels of Crh expression until the animals are subject to acute stress, upon which Crh is significantly upregulated [9] . As described below, DNA methylation could contribute to genomic metaplasticity in a variety of ways.
Regulation of alternative splicing.
Alternative splicing contributes to the formation and maintenance of memory by finetuning receptor composition and ion channel properties following neuronal depolarization [63, 64] , providing a subtle mechanism for regulating synaptic strength. Moreover, the induction of alternative splicing in response to prior events, such as exposure to stress, modulates the acquisition of new learning and the maintenance of memory by regulating LTP [65] , providing a clear example of metaplasticity. Unsurprisingly, a significant percentage of neuronal activityinduced changes in DNA methylation occur in intragenic regions of the genome [2], which is consistent with a conserved role for intragenic methylation in regulating alternative splicing [66] .
DNA methylation directs alternative splicing by manipulating the kinetics of RNA polymerase II, an enzyme that catalyzes gene transcription (Figure 4a ). In the context of neuronal plasticity, one possibility is that learning-induced changes in DNA methylation persistently up-or down-regulate the expression of alternative splice variants to ultimately determine the responsivity a neuron. An important caveat of this is that enduring changes in DNA methylation may not be reflected in an overall change in the expression of a given gene, but instead appear as an altered ratio of splice variant expression [26] . A second possibility, in agreement with the idea of quiescent metaplastic modifications, is that DNA methylation could regulate the expression of various splice variants at specific points in time, such as when the gene is re-transcribed following memory retrieval or during the formation of new memories. The presence of different learning-induced splice variants could determine whether or not novel information is retained [65] by promoting or inhibiting the changes in synaptic strength that underlie memory maintenance. Accordingly, by regulating alternative splicing, activity-induced modifications of DNA methylation provide an example of genomic metaplasticity that ultimately determines the responsivity of a neuron to future stimuli.
Regulation of transposable elements.
Another example of experience-induced genomic metaplasticity is the movement of transposable elements. The insertion or deletion of a single transposable element can influence gene expression by introducing novel alternative promoter regions, enhancer elements, transcription factor binding sites, premature polyadenylation [67] , or by promoting the formation of heterochromatin [68] . Equally, the insertion of several transposable elements can affect transcriptional efficacy by altering gene/intron length [69] (Figure 4b ), whereby reduced gene length is associated with more highly expressed genes [70] . Although it was previously thought that retrotransposition occurred primarily in early embryogenesis [71] , it has now been demonstrated that the expression of a retrotransposon termed long interspersed nuclear element 1 (L1) continues in adulthood and is elevated in the brain [20, 72, 73] . L1 retrotransposition occurs in response to a range of environmental stimuli, including voluntary exercise and chronic cocaine exposure [74, 75] , and it has recently been proposed to generate the unique experience-dependent transcriptome profile of individual neurons [76] . Together with evidence for an age-dependent change in DNA methylation at bivalent domains [84] , it appears that the experience-dependent development of bivalent chromatin states, that occur as a function of active variations in DNA methylation, may perform a metaplastic function by priming a gene for activation without necessarily influencing basal levels of gene expression.
Regulation of nucleosome positioning.
Nucleosome repositioning is another mechanism by which altered DNA methylation may prime a gene for transcription. DNA coils around of an octamer of condensed histone proteins to form a nucleosome, with each nucleosome separated by a 20-50bp linker region of DNA.
Neuronal nucleosomal organization is unique in that the distance between nucleosomes is appreciably shorter than that in other cells of the brain [85] . This characteristic emerges at the point of neuronal maturation [86] and may poise the neuronal genome for enhanced plasticity, as reduced linker DNA length facilitates inter-nucleosomal interactions [87] . Consequently, a change in the relative position of one nucleosome impacts the positioning of neighboring nucleosomes to a greater extent [87] , potentially providing a mode of transcriptionally priming or repressing clusters of interrelated genes.
In the aging rat brain, an increase in nucleosome repeat length [88] coincides with a loss of DNA methylation [89] which suggests a potential relationship. Mechanistically, there are multiple levels at which DNA methylation can influence nucleosome positioning. DNA methylation can decrease the flexibility of DNA to interfere with the exaggerated bending of DNA required to form nucleosomes [90] , resulting in a further shortening of the regions of linker DNA between nucleosomes [91] (Figure 4d ) that can alter the conformational space of a gene [92] . Moreover, activity-dependent demethylation could regulate the relative position of a recently transcribed gene within the nucleus. Dynamic DNA demethylation may also facilitate the incorporation of histone variants such as H2A.Z [22], which directly oppose DNA methylation [93] and also coordinate the repositioning of nucleosomes associated with recently activated exons to the nuclear periphery [94, 95] . Although the regulation of nucleosome repositioning by DNA methylation or demethylation has yet to be demonstrated in vivo, the relocation of genes to a location within the nucleus could serve to either prime or repress expression [96] , which upon subsequent stimulation. These observations point to a potential role for DNA methylation by working together with ATP-dependent chromatin remodeling and the deposition of noncanonical histone variants in the regulation nucleosome repositioning, which may subsequently contribute to experience-dependent genomic plasticity.
Genomic metaplasticity: the epigenome and beyond
The neuronal methylome is embedded within a complex epigenetic environment, comprised of many modifications including histone acetylation, methylation, and a myriad of other epigenetic marks. DNA methylation can act synergistically with numerous epigenetic modifications [14, 56] to form an "epigenetic code" that can regulate synaptic plasticity [60] .
Consequently, a learning-induced transcriptional event would be encoded by the comprehensive epigenetic environment surrounding a given gene [97] , rather than by the covalent modification of DNA in isolation. However, to support genomic metaplasticity an epigenetic modification must be a relatively enduring yet possess the potential for plasticity; two key characteristics of DNA methylation, the later of which has only recently come to light in the context of the nervous system [2, 24, 25, 54]. These recent discoveries suggest that the neuronal methylome is a prime candidate candidate for investigations into the molecular underpinnings of metaplasticity; however, the study of this adaptation should also include its relationship with other epigenetic mechanisms, as described in Box 1.
Outlook and conclusions.
Investigations into the functional relevance of DNA methylation continue to reveal a role for dynamic regulation of the methylome across the lifespan. However, the guiding principles of these early studies have been based on a developmental perspective, where DNA methylation is thought to restrict plasticity and stabilize changes in gene expression to give rise to cellular identity. In contrast, a critical feature of the adult brain is continued plasticity, which is predicated by an enduring capacity for dynamic regulation in response to environmental stimuli. To date, our understanding of the adaptive significance of learning-related changes in DNA methylation has been restricted to the study of candidate genes that demonstrate concomitant changes in DNA methylation and gene expression. However, this approach affords limited insight regarding the true plasticity of the methylome. Genome-wide sequencing has now revealed that a host of activity-modified CpGs occur within regions of the genome that may not engender persistent, cell-wide changes in transcription, but rather prime the genome to respond to future stimuli.
Although direct demonstration of the regulation of DNA methylation-mediated genomic metaplasticity within the context of learning and memory is limited, emerging evidence suggests that the priming of genomic capacity by epigenetic modifications may accompany the development of certain psychiatric disorders such as drug addiction [98] [99] [100] . A deeper understanding of the dynamic regulation of DNA methylation and its associated epigenetic marks across the lifespan is on the horizon, which will eventually lead to a clearer picture of gene-epigenome-environmental interactions and behavioral adaptation across the lifespan. It is evident that this epigenetic mechanism has many fundamental biological and functional roles yet to be explained and it may be within cognition, memory and the fine-tuning of genomic metaplasticity where the influence of dynamic DNA methylation will be most significant. Particular attention should be directed to enduring epigenetic modifications, such as histone methylation, which is one of the few histone modifications that has been shown to be modified in an enduring fashion following learning [14, 104] . Histone methylation may both direct DNA methylation and be reinforced by DNA methylation by way of a positive feedback loop [105] , to jointly regulating long-term changes in gene transcription. Noncoding RNAs may further contribute to the maintenance of DNA methylation and demethylation [106] .
Improved genome-wide sequencing techniques have become available to elucidate the contribution of DNA methylation to experience-dependent genomic metaplasticity. These include approaches such as oxidative bisulfite-seq for the detection of 5-hydroxymethylcytosine [107] , RNA-capture approaches for assessing retrotransposition events [108] , bisulfite-seq on immunoprecipitated DNA to determine the contribution of DNA methylation toward the development of bivalent chromatin domains [109] , as well as Nucleosome Occupancy Methylome sequencing (NOMe-seq) to explore methylationmediated nucleosome repositioning [110] . Furthermore, some of these techniques are compatible with the analysis of small amounts of DNA or RNA, which could reveal the epigenetic signature of learning-induced neuronal activation in vivo and yield better resolution of the alterations in DNA methylation that support discrete memory traces  Is genomic metaplasticity possible at all genes, throughout all periods of development or do certain genes have an increased propensity for plasticity at key periods in time?
 Is genomic metaplasticity dysregulated in neuropsychiatric diseases (such as addiction) that are marked by decreased cognitive flexibility? If so, is it possible to reinitiate plasticity to alleviate symptoms?
Recent work has shown that cocaine exposure epigenetically primes the expression ΔFosB in response to subsequent cocaine challenge [98] , though the mechanisms supporting this response require further investigation. Lasting gene-specific changes in DNA methylation incurred during early development have also been shown to prime gene expression and responsivity to stress in adulthood in rodents [9] .
 How is DNA methylation/demethylation directed to specific sites in the genome?
Non-coding RNAs residing in the recently transcribed genes could direct DNA methylation or demethylation [106] although this remains to be elucidated. to hypermethylation and prevents the increase in transcription in response to high insulin levels [101] . As a caveat of our hypothesis, the effect of DNA methylation or demethylation on the responsivity of the neuron would be locus and gene-specific; for instance by giving rise to alternative splice variants, de novo DNA methylation could prime neuronal activity. Furthermore, DNA methylation may actually enhance transcription by preventing the binding of a repressor protein. However, the primary difference with current models is that DNA methylation or demethylation does not result in persistent changes in gene expression, but rather these changes in expression manifest at the time of neuronal reactivation and affect the ability of the neuron to encode new associations. which prompts more DNA to be trapped within the nucleosome, thereby shortening the linker region [90] . Abbreviations: CTCF, CCCTC-binding factor; H3K4me3, trimethylation of histone H3 lysine 4; H3K27me3, trimethylation of histone H3 lysine 27; RNA pol II, RNA polymerase II.
